Poly [ADP-ribose] polymerase 1 (PARP-1) is a highly abundant chromatin-associated enzyme. It catalyzes the NAD + -dependent polymerization of long chains of poly-ADP ribose (PAR) onto itself in response to DNA damage and other cues. More recently, the enzymatic activity of PARP-1 has also been implicated in the regulation of gene expression. The molecular basis for the functional switch from chromatin architectural protein to transcription factor and DNA damage responder, triggered by PARP-1 automodification, is unknown. Here, we show that unmodified PARP-1 engages in at least two highaffinity binding modes with chromatin, one of which does not involve free DNA ends, consistent with its role as a chromatin architectural protein. Automodification reduces PARP-1 affinity for intact chromatin but not for nucleosomes with exposed DNA ends. Automodified (AM) PARP-1 has the ability to sequester histones (both in vitro and in cells) and to assemble nucleosomes efficiently in vitro. This unanticipated nucleosome assembly activity of AM-PARP-1, coupled with the fast turnover of the modification, suggests a model in which DNA damage or transcription events trigger transient histone chaperone activity. 
Poly [ADP-ribose] polymerase 1 (PARP-1) is a highly abundant chromatin-associated enzyme. It catalyzes the NAD + -dependent polymerization of long chains of poly-ADP ribose (PAR) onto itself in response to DNA damage and other cues. More recently, the enzymatic activity of PARP-1 has also been implicated in the regulation of gene expression. The molecular basis for the functional switch from chromatin architectural protein to transcription factor and DNA damage responder, triggered by PARP-1 automodification, is unknown. Here, we show that unmodified PARP-1 engages in at least two highaffinity binding modes with chromatin, one of which does not involve free DNA ends, consistent with its role as a chromatin architectural protein. Automodification reduces PARP-1 affinity for intact chromatin but not for nucleosomes with exposed DNA ends. Automodified (AM) PARP-1 has the ability to sequester histones (both in vitro and in cells) and to assemble nucleosomes efficiently in vitro. This unanticipated nucleosome assembly activity of AM-PARP-1, coupled with the fast turnover of the modification, suggests a model in which DNA damage or transcription events trigger transient histone chaperone activity. 20 nucleosomes, it has the potential to affect many nuclear processes. Historically, the majority of PARP-1-related studies have addressed its role as a first responder to DNA damage (1, 2) and as a popular target for cancer therapy. More recently, a role of PARP-1 in transcription regulation has been described (3, 4) . How PARP-1 functionally switches from a chromatin architectural protein to a transcription regulator and DNA damage responder is largely unknown (3, 5) . The enzymatic activity of PARP-1 is required for its function in both transcription regulation and DNA repair.
PARP-1 is a multidomain protein that is functionally divided into two halves: an N-terminal DNA and chromatin binding portion (N-parp) and a C-terminal catalytic domain (C-parp) (6, 7) (Fig. 1A) . PARP-1 is activated by a host of factors, most effectively by binding to ssDNA and dsDNA breaks and cruciform DNA. Interactions with a variety of nuclear proteins (including histones and histone variants) and a range of posttranslational modifications may also trigger activation (reviewed in ref. 4) . Upon enzymatic activation in the presence of NAD + , PARP-1 polymerizes long chains of poly [ADP-ribose] (PAR) onto itself and a variety of acceptor proteins, including histones (8) (9) (10) . PARP-1 activity is antagonized by poly [ADP-ribose] glycohydrolases (PARGs), a class of enzymes that hydrolyzes nascent PAR chains (11) . Thus, PARylation is a dynamic, heterogeneous, and relatively short-lived posttranslational modification.
The preferred target of PARP-1 enzymatic activity is PARP-1 itself (6), yet the functional outcomes of PARP-1 automodification are not well understood. Proposed downstream effects of PARylation include increased redistribution of PARP-1 on activated genes (12) , recruitment of the DNA repair machinery (13) , and effects on chromatin structure (8, 14, 15) , with the latter possibly augmented by PARylation of histones (5, (16) (17) (18) .
Some evidence suggests that upon automodification and/or PARylation of histones, PARP-1 dissociates from chromatin, resulting in chromatin decompaction (19, 20) . However, this notion has not been substantiated by quantitative measurements of the interactions of PARP-1 with intact chromatin. The crystal structure of PARP-1 domains in complex with a DNA fragment describes how PARP-1 recognizes a DNA double-strand break through extensive interactions between the PARP-1 zinc finger domains and the terminal base pair (6), but it does not explain how PARP-1 binds and compacts intact chromatin in the absence of an exposed DNA base pair, as demonstrated earlier by visualizing PARP-1 bound to chromatin assembled on circular DNA (8) . Compaction was relieved in the presence of NAD + . Kim et al. (8) also showed that PARP-1 binds to, and protects, nucleosomal linker DNA. However, biochemical ramifications of auto-PARylation of PARP-1 have yet to be identified in a quantitative manner.
We have previously reported that unmodified PARP-1 binds to mononucleosomes containing linker DNA with high affinity, and that its activity is efficiently stimulated by such substrates (7) . Here, we quantify the affinity of PARP-1 (unmodified and automodified) for chromatin in the presence and absence of free DNA ends. We further describe a previously unidentified histone chaperone and nucleosome assembly function for automodified (AM) PARP-1 and present a model for PARP-1 roles in DNA repair and transcription.
Results PARP-1 Binds Trinucleosomes with High Affinity. Because PARP-1 is a chromatin architectural protein that is abundantly bound to undamaged chromatin throughout the genome (21), we wanted Significance Poly-ADP-ribosylation (PARylation) is an abundant posttranslational modification in eukaryotes. The responsible enzyme, poly [ADP-ribose] polymerase 1 (PARP-1), binds to chromatin and shapes its architecture. It is activated by DNA damage and other triggers, and catalyzes the addition of long chains of poly-ADP ribose (PAR) mainly to itself. The biological effects of PARylation are unknown. Here, we show that PARylation confers the ability to bind histones and to assemble nucleosomes upon PARP-1, and also affects its interaction with chromatin. The rapid turnover of PAR groups provides a mechanism for switching PARP-1 function from nucleosome binder to nucleosome assembler. This explains the involvement of active PARP-1 in both transcription and DNA damage repair, because histone chaperone activity is required during both processes.
to quantify its interactions with nucleosomes in the absence of free DNA ends. We assembled three nucleosomes on a triple repeat of the 601 positioning sequence. This sequence positions the two terminal nucleosomes right at the end of the DNA, with no extending linker DNA (Fig. 1B, cartoon) . In these nonlinker-ended trinucleosomes (NLE-Tri), the central nucleosome is connected to a flanking nucleosome on either side via 60 bp of linker DNA, representing a minimal model of native chromatin. To mimic double-strand breaks in a nucleosomal context, and to probe the contributions of exposed DNA ends to the interaction of PARP-1 with chromatin, we also prepared linker-ended trinucleosomes (LE-Tri), in which the two terminal nucleosomes each have an additional 30 bp of extranucleosomal DNA (22) (Fig. 1C , cartoon, and Fig. S1 A-C). Unmodified PARP-1 binds to both substrates without releasing free DNA, demonstrating that the nucleosomal arrays remain intact upon PARP-1 binding ( Fig. 1 B and C) . Trinucleosomes also form complexes with N-parp, which contains only the DNA binding domains, but not with C-parp, the catalytic domain ( Fig. 1 A-C) . Both types of chromatin substrates are visibly compacted by PARP-1 (Fig. S1 D and E) . In the absence of PARP-1, individual nucleosomes can be easily distinguished and have a height profile of ∼1.5-2 nm, as previously reported (23) . Addition of PARP-1 results in a much closer spacing of the individual nucleosomes and an increased height profile to ∼3-5 nm (Fig. S1E) .
We determined dissociation constants of the various PARP-1-chromatin complexes using high-throughput interactions by fluorescence intensity FRET (HI-FI FRET) (24) ( Table 1 ). Due to the strong distance dependence, FRET can be used as an indicator for the presence or absence of interaction between binding partners. Unexpectedly, full-length PARP-1 binds both trinucleosome substrates with comparably high affinities, despite the absence of freely accessible DNA ends in NLE-Tri ( Fig. 1D and Table 1 ). Stoichiometry measurements show that one PARP-1 is bound per trinucleosome ( Fig. 1E and Fig. S2B ). We conclude that the central nucleosome with its two internal 60-bp DNA linkers is the likely primary PARP-1 binding site in both trinucleosomes, and that this interaction sterically prevents additional PARP-1 molecules from binding. Our finding that NLE-Tri binds PARP-1 with high affinity is unexpected in light of PARP-1-DNA crystal structures showing substantial interactions arising from the two zinc finger motifs that stack on the terminal bases of linear DNA (6, 25, 26) . This mode of interaction is incompatible with nucleosomes lacking extranucleosomal DNA, such as NLE-Tri and Nuc147 (7) .
Together, these data demonstrate that although linker DNA is essential, exposed DNA bases are not required for high-affinity PARP-1 interactions with chromatin. Thus, PARP-1 engages in at least two high-affinity binding modes, one driven by interactions with the exposed bases of damaged DNA (6) and one that promotes genome-wide binding of PARP-1 to chromatin in the absence of DNA damage.
PARP-1 Automodification Weakens Its Affinity for Chromatin, but Not for Free DNA. To test whether automodification of chromatinbound PARP-1 indeed has an impact on its ability to act as a chromatin architectural protein, as suggested previously (8), we automodified Alexa488-labeled PARP-1 in the presence of 600 μM NAD + and nicked 30-bp DNA (30Nick). This results in extensive PARP-1 automodification, as demonstrated by smears of PARylated PARP-1 on SDS/PAGE (Fig. S3B) .
We tested the ability of AM-PARP-1 to bind free DNA, mononucleosomes, or trinucleosomes. Gel-shift experiments show that AM-PARP-1 ( Fig. S3A ) loses its ability to shift NLE-Tri but maintains residual interactions with LE-Tri ( Fig. 1 B and C) ; neither array is visibly compacted by AM-PARP-1 (Fig. S1F ). HI-FI FRET measurements reveal that automodification of PARP-1 does not significantly weaken its interaction with free DNA or LE-Tri ( Fig. 2A and Table 1 ). Indeed, AM-PARP-1 binds all substrates with free DNA ends [i.e., DNA, Nuc207 (Fig. S2C ), LE-Tri] with comparable affinities (Table 1 ). In contrast, AM-PARP-1 affinity for NLE-Tri is reduced by a factor of 20 (∼100 nM; Fig.  2A ). The number of AM-PARP-1 molecules bound to either trinucleosome remains unaffected by automodification (Fig. 2B ).
Our results suggest that the interaction of PARP-1 with undamaged chromatin is more sensitive toward the effects of automodification than any mode of PARP-1 interaction that engages free DNA ends.
AM-PARP-1 Binds Histones with High Affinity. PAR chains are negatively charged and chemically represent a "third type of nucleic acid." We therefore quantified whether PARP-1 binds nonnucleosomal histones in a PAR-dependent manner. Unmodified PARP-1 interacts only weakly (>500 nM) with either H2A-H2B or H3-H4 histone complex ( Fig. 2C and Table 1 ). In striking contrast, AM-PARP-1 (Fig. S3B ) binds free nonnucleosomal H2A-H2B and H3-H4 complexes with high affinity (∼2-16 nM; Fig. 2C and Table 1 ). Importantly, the measured affinities of AM-PARP-1 for histones are similar to those obtained for classical histone chaperones under similar conditions [e.g., nucleosome assembly protein 1 (Nap1) (27) ].
To verify the relevance of histone binding by AM-PARP-1 in cells, we performed immunoprecipitation with anti-PAR antibodies, utilizing soluble lysates from cells exposed to oxidative stress using hydrogen peroxide (Fig. 2D) . PARP-1 is activated by H 2 O 2 treatment, and the PAR modification can be stabilized by a PAR inhibitor, gallotannin (Fig. 2D, lane 4) . Basal levels of H2B and H4 are coimmunoprecipitated with anti-PAR antibodies in the absence of H 2 O 2 , or when cells were treated with the combination of H 2 O 2 and PJ34 hydrochloride hydrate (PJ34), a potent PARP-1 inhibitor (Fig. 2D , compare lanes 5 and 10). H 2 O 2 treatment alone results in increased coimmunoprecipitation of H2B and H4 (Fig. 2D, lane 8 ). This effect is magnified when PARG is inhibited (Fig. 2D, lane 12) . We do not detect any PARylated histones under these conditions, consistent with results from others (8) . We conclude that automodification of PARP-1 enhances its interaction with soluble histones in cells.
To test whether AM-PARP-1 disassembles nucleosomes due to its high affinity for histones, we incubated PARP-1 with mononucleosomes [nucleosome reconstituted onto 601 165-bp DNA (Nuc165)] in the presence of 30Nick DNA and increasing amounts of NAD + . Under these conditions, PARP-1 modifies itself in an NAD + dose-dependent fashion, without PARylating nucleosomal histones (Fig. S3 C and D) . Nucleosomes were fluorescently labeled on histones H4 and H2B; thus, their integrity in the presence of PARP-1 and NAD + can be assayed by in-gel FRET (Fig. 2E ). In agreement with the effects of PARylation on PARP-1 interactions with Nuc207 (Table 1) , increasing amounts of NAD + decrease the ability of PARP-1 to shift nucleosomes (also reported in ref. 28 ). However, the nucleosome band remains unchanged and exhibits FRET between histones H2B and H4 throughout the entire titration series, indicative of intact nucleosomes; no free DNA is released (Fig. S3E) . This demonstrates that AM-PARP-1, when acting alone, does not disassemble salt dialysis-assembled nucleosomes, despite its high affinity for free histones.
AM-PARP-1 Acts as a Nucleosome Assembly Factor. To test whether histone binding conferred nucleosome assembly activity onto AM-PARP-1, we used the DNA supercoiling assay. Relaxed plasmid DNA was added to histones that were preincubated with unmodified PARP-1, AM-PARP-1, commercially available PAR (cPAR), or Nap1. Nucleosome assembly was detected by monitoring DNA supercoiling (29) (Fig. 3A) . Comparable levels of histone-dependent plasmid supercoiling were observed in the presence of AM-PARP-1 (PARP-1 automodification levels are shown in Fig. S3A ) and Nap1 ( Fig. 3A ; compare lanes 7 and 8 and lanes 11 and 12), whereas no supercoiling was observed in the absence of histone chaperone (lane 4). Similarly, neither PARP-1 nor cPAR displays any supercoiling activity (compare lanes 5 and 6 and lanes 9 and 10). Nap1 promotes nucleosome assembly by resolving nonproductive interactions of H2A-H2B complex with DNA (30, 31) . To test whether AM-PARP-1 has acquired this activity, we incubated DNA with an excess of H2A-H2B dimer and with increasing amounts of unmodified or AM-PARP-1 ( Fig. 3 B and C) . PARP-1 forms large aggregates with DNA-histone complexes that do not enter the gel (Fig. 3B) , whereas AM-PARP-1 efficiently removes histones and releases free DNA (Fig. 3C ). This demonstrates that AM-PARP-1 directly competes with DNA for histones, as predicted from our affinity measurements and as observed for other histone chaperones (22, 30) .
The ability of a histone chaperone to prevent noncanonical interactions of histones with DNA and nucleosomes might be important during transcription and DNA repair, where ATPdependent remodeling factors release histones (particularly H2A-H2B dimers) from nucleosomes. We therefore tested whether AM-PARP-1 promotes nucleosome assembly under conditions of histone imbalance. We developed an assay in which an overabundance of histone H2A-H2B (or H3-H4) complex over DNA precludes nucleosome assembly. In the absence of a histone chaperone, no nucleosomes are formed and the entire sample remains in the well (Fig. 3D, lane 2) . Bona fide histone chaperones (e.g., Nap1), are able to rescue aggregated chromatin in this assay [rescue of aggregated chromatin (RAC) assay], as observed by the appearance of nucleosomes with fluorescent markers on H4 and H2B (Fig. 3E, lanes 18-20) . This assay allows for a more direct readout of the appearance of canonical nucleosomes than the supercoiling assay.
PARP-1, N-parp, C-parp, and a mock sample (no PARP-1) were subjected to automodification. As expected, neither N-parp nor C-parp was automodified under these conditions, whereas full-length PARP-1 undergoes extensive automodification (Fig.  S3A) . Addition of AM-PARP-1 to the RAC assay results in the formation of nucleosomes (Fig. 3D, lanes 3-5) , as evident by FRET, between H2B and H4 in a band that comigrates with saltassembled nucleosomes (Fig. 3D, lane 1) . The N-parp, C-parp, PARP-1, and mock sample do not form nucleosomes, suggesting that automodification confers nucleosome assembly activity onto full-length PARP-1. To verify further that the assembled particles are bona fide nucleosomes, we performed micrococcal nuclease digestion of Nuc165 assembled by salt dialysis, yeast Nap1 (yNap1), or AM-PARP-1 (the latter two assembled via RAC assay). In all instances, we observe protection at 147 bp, as expected for canonical nucleosomes (Fig. S4A) . Further, the nucleosome bands were excised from the native gel (similar to that shown in Fig. 3D) , electroeluted, and analyzed by SDS/PAGE (Fig. S4B) . The histone content for salt-assembled or RAC-assembled nucleosomes (by AM-PARP-1 or yNap1) was found to be very similar.
To dissect whether AM-PARP-1 chaperone function is dependent upon PARP-1 activity during assembly itself, we tested 20) were added (automodification is shown in Fig. S3A, lanes 15-18) .
the effect of PJ34 on the ability of PARP-1 to assemble chromatin. PARP-1 was incubated with NAD + and DNA to initiate automodification. PJ34 was added either before or after 12 h of incubation with NAD + . When PJ34 was introduced before NAD + , auto-PARylation was completely inhibited (Fig. S3A, lane 12) and nucleosome assembly activity was abolished (Fig. 3E, lanes 5-7) ; inhibitor alone has no activity in the RAC assay (Fig. 3E, lanes 3  and 4) . In contrast, the addition of PJ34 after incubation with NAD + did not inhibit nucleosome assembly activity (lanes 8-10). We conclude that catalytically inactive but modified PARP-1 assembles nucleosomes as efficiently as catalytically active AM-PARP-1 (Fig. 3E, lanes 11-13) . This demonstrates that PARylation of PARP-1, but not of histones, is required for its histone chaperone and nucleosome assembly activity.
To test whether PAR chains alone can function in nucleosome assembly, we tested cPAR in the RAC assay. We found that cPAR alone yields only trace amounts of ill-defined nucleosomes at the highest concentrations (120 nM) (Fig. 3E, lanes 15-17) . The same result was obtained by mixing cPAR with unmodified PARP-1 (Fig. 3F, lanes 6-8, and Fig. S3F, lanes 6-8) . This suggests that PAR needs to be covalently attached to PARP-1 for it to assume nucleosome assembly function.
Because cPAR chains are heterogeneous with respect to chain length and degree of branching, we cleaved PAR from overnightmodified PARP-1 and compared its nucleosome assembly activity with that of the same batch of AM-PARP-1 before cleavage (Fig. 3 E, lanes 16-18, and F, lanes 8-10) . We found that the lowest concentration of AM-PARP-1 (10 nM) is as efficient in the RAC assay as the highest concentration of PAR (120 nM) tested (Fig. S3F, compare lanes 14-16 with lanes 17-19) .
The experiments described above were all performed with PARP-1 that had been incubated overnight with DNA and NAD + to ensure a maximum degree of automodification. To exclude possible artifacts due to the long incubation times, we performed the RAC assay with PARP-1 that has been automodified for much shorter times (5 min, 2 h, and overnight, respectively; Fig. 3F and Fig. S3A ). Consistent with the notion that PARP-1 is a highly active enzyme, we did not observe any significant differences in the degree of automodification at each of the three time points (Fig. S3A,  Right) . The three AM-PARP-1 preparations were equally active in the RAC assay ( Fig. 3F; compare lanes 12-14, lanes 15-17, and  lanes 18-20) .
We reproducibly observed that AM-PARP-1 works best at substoichiometric amounts compared with histone dimer (∼0.1 AM-PARP-1 per H2A-H2B dimer) in the RAC assay. It is possible that at higher concentrations, AM-PARP-1 binds to the nucleosomes it assembles (Fig. 1C, lanes 16-19) , resulting in an apparent loss of nucleosomes on native PAGE. Alternatively, excess AM-PARP-1 may disassemble partially assembled nucleosomes, even though it has no effect when presented with fully assembled nucleosomes (Fig. 2E) .
Discussion PARP-1 affects many nuclear processes through binding and compacting native chromatin (32) . We find that the compaction of chromatin arrays by PARP-1 observed previously (20) can be reproduced with trinucleosomes. We show that one PARP-1 binds one trinucleosome and likely compacts trinucleosomes by reorienting the linker DNA, as suggested previously (8) . AutoPARylation of PARP-1 triggered by a variety of stimuli associated with transcription and DNA repair regulates its ability to compact chromatin. Under our conditions, automodification has little effect on PARP-1 interactions with DNA or with chromatin containing exposed free DNA ends (LE-Tri), although significantly reducing the binding affinity for "native" chromatin (NLETri). This suggests chromatin binding activity that is tunable by PARylation, with important implications for transcription and DNA repair.
The affinity data suggest that PARP-1 interacts differently with native chromatin vs. chromatin at DNA damage sites. Both modes of interactions are of high affinity, but they are fundamentally different in two ways. First, the interaction of PARP-1 with chromatin containing exposed DNA ends (e.g., Nuc207, LE-Tri) does not involve contributions from the C-terminal half of PARP-1, as seen by a similar approximate K d of full-length PARP-1 and N-parp for these substrates. These interactions are likely dominated by the contacts of the N-terminal domain with the exposed DNA base pair, as seen in the crystal structure of the PARP-1-DNA complex (6) . In contrast, the interaction with nucleosomes in absence of free DNA ends (NLE-Tri) involves the C-terminal half of PARP-1 in addition to the N-terminal DNA binding domains. We surmise that the zinc finger domains are no longer able to interact with the terminal DNA base pair, and that this might be compensated for by additional interactions between the tryptophan-glycine-arginine-rich and catalytic domain and nucleosomal components. Second, the interaction of PARP-1 with such native chromatin arrays is reduced 20-fold upon automodification, consistent with the main location of PAR chains on PARP-1 between the N-and C-terminal halves of the protein (Fig. 1A) . In contrast, the interaction mode that involves free DNA ends is much less sensitive to automodification.
PARP-1 has been described as a "chromatin-associated factor without any known remodeling or chaperoning activity" (3). However, previous studies have shown qualitative evidence that PARP-1 binds histones, particularly histone H4 (19) . Using highly purified PARP-1 and defined histone complexes, we find that unmodified PARP-1 exhibits very weak histone binding activity. It is possible that previous accounts in the literature describing histone binding stem from contamination of histones with nucleic acids or that small amounts of AM-PARP-1 were present in these preparations (19, 33) . Automodification dramatically increases the affinity of PARP-1 for histones, firmly placing AM-PARP-1 in the league of bona fide histone chaperones (27) . Histone chaperones are defined as nuclear proteins that bind free histones with high affinity, prevent and resolve nonproductive histone-DNA interactions within the cell, and facilitate nucleosome assembly (34) . Our data show that AM-PARP-1 fits all of these criteria.
A PARylation-dependent "histone shuttling" mechanism was proposed previously (35) . In this model, AM-PARP-1 removes histones from DNA and reassembles nucleosomes in a cyclical manner with contributions from PARP-1 and PARG. In this work, the start and end products of the reactions were not defined; nevertheless, the model is in agreement with our finding that AM-PARP-1 resolves noncanonical histone-DNA interactions, The outcome of PARP-1 enzymatic activation is that the affinity of AM-PARP-1 for chromatin is weakened and its affinity for histones increases dramatically, allowing AM-PARP-1 to function temporarily as a histone chaperone and nucleosome assembly factor until PAR chains are removed.
thereby assembling nucleosomes. Additionally, AM-PARP-1 could function by retaining histones during HSP70 activation in Drosophila (12). To date, none of the histone chaperones studied are able to disassemble properly assembled nucleosomes in the absence of ATP-dependent remodeling factors or transcription, and PARP-1 is no exception. Our finding that excess AM-PARP-1 results in less nucleosome product is consistent with the notion that excess histone chaperone will compete with DNA for histones during the assembly process.
Under our conditions, we did not observe any histone PARylation during chromatin assembly by enzymatically active PARP-1; in fact, inactive AM-PARP-1 assembles nucleosomes with equal efficiency as active AM-PARP-1. The nucleosome assembly activity can only be partially recapitulated with free PAR chains. This suggests that the location of PAR on PARP-1, or perhaps the proper scaffolding of PAR polymers by PARP-1, is required for nucleosome assembly.
Together, our data demonstrate that enzymatic activation of PARP-1 switches PARP-1 function from a chromatin architectural protein to a histone chaperone and nucleosome assembly factor. In Fig. 4 , we propose a tentative model in which PARP-1 binds nucleosomes with high affinity throughout the genome, thereby condensing chromatin (8) . Enzymatic activation leads to localized automodification of PARP-1 (8, 12, 19, 28, (36) (37) (38) .
This decreases PARP-1 affinity for nucleosomes and relaxes local chromatin structure. The recruitment of components of the DNA repair or transcription machinery, including chromatin remodeling factors (39) (40) (41) (42) (43) , results in the destabilization of nucleosomes. The released histones are chaperoned and then reassembled into nucleosomes by AM-PARP-1 in the wake of DNA repair or transcription. Subsequently, PAR chains are removed by PARG, and PARP-1 resumes its function as a chromatin architectural protein. Importantly, only AM-PARP-1 functions as a histone binding protein and a nucleosome assembly factor, making PARP-1, to our knowledge, the first histone chaperone that is switched on by a posttranslational modification.
Materials and Methods
Preparation of reagents (nucleosome substrates and Parp1) is described in SI Materials and Methods. A detailed description of developed assays and ex vivo experiments can also be found in SI Materials and Methods. HI-FI FRET and atomic force microscopy imaging was done as previously described (23, 24) .
